Abstract Imidazolidin derivatives gained significant attention in our daily life from better biological activity to the semiconducting materials. The present investigation deals with the in depth study of (Z)-2-sulfanylidene-5-(thiophen-2-ylmethylidene)imidazolidin-4-one (STMI) with respect to their structural, electronic, optical and charge transport properties as semiconducting material. The ground and first excited state geometries were optimized by applying density functional theory (DFT) and time dependent DFT, respectively. The light has been shed on the frontier molecular orbitals (FMOs) and observed comprehensible intramolecular charge transfer (ICT) from the highest occupied molecular orbitals (HOMOs) to the lowest unoccupied molecular orbitals (LUMOs). The absorption, emission, ionization potentials (IP), electron affinities (EA), total and partial densities of states and structure-property relationship have been discussed. Finally, hole as well
Introduction
The imidazolidin have distinctive properties which make them suitable for biological active compounds [1] and sensors [2] . These are also potential candidates for application in semiconducting devices [3] [4] [5] , nitrogen-atom transfer agent [6] and optical absorption of fluorescent protein [7] . Moreover, thiophene based materials are auspicious because of the semiconducting nature, non-linear optical behavior [8] and efficient electron transport properties [9] [10] [11] . Previously, thiophene based heterocyclic compounds showed improved properties [12] .
In the present study, we have selected (Z)-2-Sulfanylidene-5-(thiophen-2-ylmethylidene)imidazolidin-4-one (STMI) [13] with the aim to investigate the structural, electronic (highest occupied molecular orbitals (HOMOs), lowest unoccupied molecular orbitals (LUMOs), total/partial density of states (TDOS/PDOS)), optical (absorption (k abs ) and fluorescence (k fl ) spectra) and charge transport properties (ionization potentials (IPs), electron affinities (EAs), hole/electron reorganization energies (k h /k e ), hole/electron transfer integrals (V h /V e )), hole and electron intrinsic mobilities. To the best of our knowledge no computational study has been carried out previously on the above selected system. This is the first time that we are going to conduct an in depth study of this STMI. The paper is structured as follows: Section 2 presents an outline of the density functional theory (DFT) and time dependent density functional theory (TDDFT), including the rationale for choosing the hybrid functional and the basis set; Section 3 explains the frontier molecular orbitals, electro-optical and charge transport properties; in Section 4 the major conclusions of the present investigation have been drawn.
Computational details
In previous studies it has been shown that the B3LYP functional is the best one among the standard DFT functionals for small organic molecules [14] . Previously the absorption spectra of hydrazone, azobenzene, anthraquinone, phenylamine and indigo have been calculated by B3LYP functional with an average deviation close to 0.20 eV [15] . Recently, different properties of materials have been computed by using B3LYP functional which were in good agreement with their experimental reported data. Moreover, the geometries, electro-optical and charge transport properties [16, 17] have been studied at B3LYP/6-31G ** and TD-B3LYP/6-31G ** level of theories and found a reliable approach. The thiophene based materials have been studied and it was showed that B3LYP/ 6-31G ** level of theory is optimal to reproduce the experimental evidences [18] .
In the present study, ground state neutral, cation and anion geometries have been optimized by using restricted and unrestricted B3LYP/6-31G ** level of theory. The excited state geometry has been optimized at TDDFT [19] using TD-B3LYP/6-31G ** level of theory. The absorption and emission spectra have been computed by TDDFT which has been proved an efficient approach [20] .
The charge transfer rate can be described by Marcus theory via the following equation: [21] W ¼ V 2 =hðp=kk B TÞ 1=2 expðÀkk B TÞ ð 1Þ
here transfer integrals (V) and k are two important parameters. The k can be divided into inner k and outer k; inner k means the molecular geometry modifications when an electron is added or removed from a molecule while outer k is modifications in the surrounding medium due to polarization effects. Here, we focus on inner k which is further divided into two parts: k 
rel corresponds to the geometry relaxation energy of one molecule from neutral to charged state, and k ð2Þ rel corresponds to the geometry relaxation energy from charged to neutral state [22] .
In the evaluation of k, the two terms were computed directly from the adiabatic potential energy surfaces [23] . (1) (Y) is the energy of the neutral molecule at the optimized charged geometry and E (1) (Y + ) is the energy of the charged state at the geometry of the optimized neutral molecule. It should be noted that the polarization effects from the surrounding molecules, as well as the charge reorientation, have been neglected to minimize the complications involved in the theoretical calculations [24] . Moreover, the IPa, IPv, EAa, EAv, k (h) and k (e) have been computed at B3LYP/6-31G ** level of theory. All these calculations have been performed by using Gaussian09 package [25] .
To calculate the transfer integrals, inter-molecular nearestneighboring hopping pathways have been generated using the single-crystal structures. There are two widely employed approaches to obtain transfer integrals; one is Koopmans' theorem based method [26] and the other one is direct evaluation method for the frontier molecular orbitals (FMOs) [27, 28] . By Koopmans' theorem the transfer integrals are computed as half of HOMO or LUMO levels splitting for electrons/holes. Bredas et al. [29] have extensively investigated the transport parameters by frontier orbital splitting on many conjugated systems and found it suitable. Similarly Valeev et al. [30] also cautioned recently that due to the crystal environment the siteenergy correction should be taken into account when the dimer is not co-facially stacked. We have also used the direct approach [27, 28] to investigate the transfer integrals in this study by using our homemade code [31] . The hole/electron transfer integrals in this approach can be expressed as:
Here t h/e is the hole/electron transfer integrals, whereas / 0;site1 LUMO=HOMO and / 0;site2 LUMO=HOMO correspond to the HOMOs and LUMOs of the two consecutive molecules when there is no contact between the adjacent molecules, whereas F 0 is the Fock operator with unperturbed molecular orbitals for the dimer of a fixed pathway. It has been already reported that ''in excitons formation the spin dependence of the charge recombination rates'' can be contributed by the exchange term [32] . The procedure of standard self-consistent field (SCF) can be used to calculate separately the molecular orbitals, which are not interacting with each other for two individual molecules. In eq. 4 the orbitals, which have no interaction would be used to construct the two-electron integrals and the dimer Fock matrix. The non-interacting molecular orbitals and density matrix associated to these orbitals have been used to evaluate the Fock matrix of the dimer structure. To construct the density matrix of F 0 , the molecular non-interacting orbitals have been used. Fock matrix can be expressed as:
In this equation 'S' corresponds to the dimer overlap matrix from the crystal structure. The eigenvalue and Kohn-Sham orbital (e and C) were obtained from the Fock matrix of zeroth-order by ''diagonalizing the Fock matrix without any self-consistent field iteration'' [32] . To obtain the intermolecular transfer integrals the Fock matrix of the dimers with molecular orbit of unperturbed monomer have been directly evaluated at the DFT/pw91pw9/6-31G ** level of theory. This functional has been reported for giving the best description of intermolecular transfer integral term by Huang and Kertesz [33] . This direct method for the transfer integral has been reported equivalent to ''the site-energy corrected frontier orbital splitting method'' by Yang et al. [34] and the computation of the transfer integrals has been made remarkably simple by this direct method. Intermediate neglect of differential overlap (INDO) based calculations often overestimate transfer integrals which use the ''energy-splitting-in-dimer'' method and orthogonalization of the basis set has also ignored in this approach, hence the direct method was used as it has been verified to give good, precise and exact results in the literature [27, [34] [35] [36] [37] . The carrier mobility l can be evaluated with the help of Einstein relation as:
here l corresponds to the carrier mobility, D represents charge diffusion constant, e is for electronic charge, T is temperature and K B donates the Boltzmann constant.
To calculate the total and partial density of states, we have used the initial molecular structures which was optimized by DFT/B3LYP/6-31G ** level of theory. The DMol3 code [38] which is implemented in the Accelrys package Materials Studio [39] has been used to compute the total and partial density of states. The total and partial density of states have been calculated by using generalized gradient approximation GGA/PW91 [40] functional and DNP basis set [41] .
Results and discussion

Geometries
The selected geometrical parameters of STMI, i.e., bond lengths and bond angles of the neutral (both at ground and excited states), cation and anion have been presented in Table 1 . The calculated bond lengths and bond angles are in good agreement with the experimental data [13] except the C5-S2 and C8-S2 bond lengths which are being overestimated 0.052 and 0.03 Å , respectively. The C1-N1, C1-N2, and C4-C5 shortened 0.048, 0.044, and 0.030 Å while C3-C4 lengthened 0.037 Å from ground to excited states, respectively. The bond length alteration from neutral ground state to cation in C1-N2, C2-O1, C3-C4, C4-C5, C5-S2, and C8-S2 bond lengths have been observed as 0.031, À0.009, 0.037, À0.030, 0.007 and À0.012 Å while for anion as À0.013, 0.025, 0.042, À0.036, 0.029 and 0.024 Å , respectively. The bond angles N1-C1-S1, N2-C1-S1 and N1-C2-O1 have been altered as 2.69°, -2.56°and 1.85°for cation whereas N1-C2-O1 (-2.37°) for anion, respectively (Fig. 1) . Figure 1 Optimized structure of (Z)-2-Sulfanylidene-5-(thiophen-2-ylmethylidene) imidazolidin-4-one investigated in the presented study.
Electronic and optical properties
The frontier molecular orbitals; HOMOs and LUMOs for the ground and first excited states have been illustrated in Fig. 2 . The electron density of HOMO-1 is localized on terminal sulfur atom that is perhaps due to the major contribution of its lone pair of electrons while HOMO electron density and LUMO orbital are delocalized over the whole molecule. This indicates that there will be a significant redistribution of electron density during a transition from HOMO-1 to LUMO etc.). Most of the charge density in the HOMO-1 is distributed on sulfanylidene and some on the imidazolidin-4-one moiety. The comprehensible intra-molecular charge transfer has been observed from HOMO-1 to LUMO in STMI. The work function of gold is À5.1 eV and the E LUMO level of STMI is À2.55 eV (see Table 2 ), the electron injection energy is around 2.55 eV (=À2.55 À (À5.1)) from the STMI to gold electrode. The injection barrier of STMI is smaller than the 4,6-di(thiophen-2-yl)pyrimidine [42] , dianthra[2,3-b:2,3-f]thieno [3,2-b] thiophene [43] . The hole injection energy is around 0.82 eV = À5.10 eV À (À5.92 eV) from the STMI to gold electrode which is inferior than the 4,6-di(thiophen-2-yl)pyrimidine. The decreased injection barriers for hole as well as electron are revealing that STMI would be a better charge transporter. The injected electron would be stable if the E LUMO is smaller. The E LUMO of STMI is low-lying than the 4,6-di(thiophen-2-yl)pyrimidine and dianthra[2,3-b:2,3-f]thieno [3,2-b] thiophene at the same level of theory illuminating that STMI would be thermodynamically more stable and charge transport cannot be quenched by losing the electron. The DOS just tells us the density of available states. A high DOS at a particular energy level showed that there would be numerous accessible states for occupation while a DOS of zero instigate at that specific energy level no states can be occupied. We shed light on valence and conduction bands about the occupation of states that in which energy region high DOS is existing. The T/PDOS of STMI have been illustrated in The computed absorption (k a ), emission fluorescence (k e ) wavelengths and major transitions of the frontier molecular orbitals of STMI at TD-B3LYP/6-31G ** level of theory have been presented in Table 2 . Two main prominent peaks have been observed in the k a and k e spectra. The maximum k a of STMI at TD-B3LYP/6-31G ** //B3LYP/6-31G ** level of theory are 366 (H fi L) and 429 nm (H-1 fi L). The calculated k e have been observed at 445 (H-1 fi L) and 606 nm (H fi L). Here, we noticed 79 and 177 nm red Stoke shift from absorption to emission spectra. The STMI showed two fluorescence peaks in the UV-Vis region. This might be a better light emitter in the following regions; (blue), and (orange).
Ionization potentials, electron affinities and reorganization energies
The IP, EA, k (h), and k (e) are important parameters which would help to shed some light on the charge transport behavior. It is expected that the smaller value of the IP would be a better hole transporter, higher EA leads to superior electron transport, smaller k (h) and k (e) means efficient hole and electron transport materials, respectively. In Table 3 the IPa, IPv, EAa, EAv, k (h), and k (e) have been presented. The IPa/IPv of STMI decreases 0.17/0.12 compared to 4,6-di(thiophen-2-yl)pyrimidine revealing that the former would be a better hole transporter than the latter one. The EAa/EAv of STMI increases 0.57/0.50 eV than that of 4,6-di(thiophen-2-yl)pyrimidine showing that anterior would be a better electron transporter than the latter one. Thus it is expected that the hole as well as electron injection ability of STMI would be superior 
0.365 than 4,6-di(thiophen-2-yl)pyrimidine. The computed k (h) of STMI is smaller than the k (e) illuminating it would be a better hole transport material.
Transfer integrals
We have evaluated five discrete nearest neighboring hopping pathways at DFT/pw91pw91/6-31G ** level of theory, see Fig. S2 . Transfer integrals for electron and hole have been evaluated using the method expressed in Eq. (5) and presented in Table 4 for all five pathways. The strongest hole /electron transfer integrals are À16.9 meV/À25.6 meV, À5.0 meV/12.9 meV, À10 meV/À13.9 meV, 5.419 · 10 À4 meV/2.308 · 10
À2
meV, and À37.5 meV/À22.8 meV, respectively.
Intrinsic mobilities
The intrinsic mobility of the STMI for five pathways has been calculated and tabulated in [44] which is hole transport material.
Conclusions
The B3LYP/6-31G ** level of theory is a reasonable choice to reproduce the experimental geometrical parameters of sulfanylidene-5-(thiophen-2-ylmethylidene)imidazolidin-4-one (STMI). It is expected that larger alteration in the C3-C4, C5-S2, and C8-S2 bond distances from neutral to anion than cation might cause more polarization resulting in an increase in the electron reorganization energy of STMI. The comprehensible intra-molecular charge transfer has been observed from HOMO-1 to LUMO. The p states are prevailing. The STMI would be a better light emitter in the blue and orange region. Moreover, higher Stoke shifts from absorption to emission showed that STMI would be an efficient material for multipurpose semiconductor applications. The hole and electron injection of STMI might be superior than the 4,6-di(thiophen-2-yl) revealing an efficient charge transport material with improved stability. Thus it is expected that the hole as well as electron injection ability of STMI would be superior than 4,6-di(thiophen-2-yl)pyrimidine. The smaller hole reorganization energy, superior hole transfer integrals and intrinsic mobility than electron ones showed that STMI would be an efficient hole transport material. Table 4 Transfer integrals (meV), mass centers (Å ) and intrinsic mobilities (cm 2 /V s) for hole and electron at PW91PW91/6-31G 
